The social and ecological conditions that individuals experience during early development have marked effects on their developmental trajectory. In songbirds, brood size is a key environmental factor affecting development, and experimental increases in brood size have been shown to have negative effects on growth, condition and fitness. Possible causes of decreased growth in chicks from enlarged broods are nutritional stress, crowding and increased social competition, i.e. environmental factors known to affect adult steroid levels (especially of testosterone and corticosteroids) in mammals and birds. Little, however, is known about environmental effects on steroid synthesis in nestlings. We addressed this question by following the development of zebra finch (Taeniopygia guttata) chicks that were cross-fostered and raised in different brood sizes. In line with previous findings, nestling growth and cell-mediated immunocompetence were negatively affected by brood size. Moreover, nestling testosterone levels covaried with treatment: plasma testosterone increased with experimental brood size. This result provides experimental evidence that levels of circulating testosterone in nestlings can be influenced by their physiological response to environmental conditions.
INTRODUCTION
The social and ecological conditions that individuals experience during early development have profound effects on their development, survival and reproduction (Roff 1992; Stearns 1992) . Environmental factors affect both an organism's development and its adult condition, often through physiological changes triggered by a stress response. Nutritional stress during early development has been shown to affect growth, physiology, social behaviour and reproduction (Metcalfe & Monaghan 2001) thereby affecting fitness via a large array of traits. Songbird chicks undergo extremely fast development during the first two weeks in the nest, and experimental enlargements of brood sizes result in reduced growth, immunocompetence and survival (Tinbergen & Boerlijst 1990; Saino et al. 1997; Brinkhof et al. 1999) . Such effects could result from nutritional stress through ecological competition (fewer resources for each nestling) or from increased social competition, such as increased begging and aggression (Neuenschwander et al. 2003) . Indeed, recent experiments showed an energetic cost of begging (Kilner 2001) and that increased brood size leads to increased begging and social competition (Neuenschwander et al. 2003) . This combined evidence suggests that nestlings in larger broods are exposed to increased competition both indirectly and directly because of the presence of their nest mates.
In adult vertebrates, competitive abilities and the regulation of aggression are linked to levels of circulating testosterone (T), which in turn have been shown to covary with the levels of social competition experienced (Harding & Follett 1979; Wingfield et al. 1990; Oliveira et al. 1996) . T is already present in nestlings in passerines (Woods et al. 1975; Adkins-Regan et al. 1990 ) and thus, like adult T levels, may covary with the social and ecological environment, i.e. experimental brood size. Studies so far have shown that experimental increases in T in the egg increase post-hatching growth and begging behaviour (Schwabl 1996) . However, little is known about the direct and indirect causes of variation in levels of T produced by developing nestlings and to what extent T relates to brood size and associated levels of competition during nestling development. Competition between siblings for parental care is the first instance of social competition an organism encounters after birth (Mock & Parker 1997) . Consequently, physiological adaptations that allow nestlings to compete in conditions of nutritional deprivation should be strongly selected for, as has been shown for effects of nutritional stress on secretion of corticosterone (Kitaysky et al. 1999 (Kitaysky et al. , 2001 .
Here, we examine the effects of brood size on nestling biometry, immunology and circulating T levels by manipulating brood sizes in zebra finch nestlings. We cross-fostered nestlings to randomize genetic and parental effects and to create broods containing different numbers of nestlings within the naturally observed range for brood size in this species (Zann 1996) . Based on previous findings, we predicted that chicks should show reduced growth and immunocompetence with increasing brood size (de Kogel & Prijs 1996; Saino et al. 1997) . If the increased brood size results in increased social stress and social competition, then T levels should increase with increasing brood size.
METHODS (a) General
We conducted the experiment at the University of Bielefeld, Germany, in 2001. From a laboratory stock of wild-caught Australian zebra finches (F 4 generation) groups of four non-sib males and females were distributed across 21 indoor aviaries (0.92 m × 1.8 m × 1.85 m or 1 m × 3 m × 3.3 m). These were made from plywood with mesh wire roofs and front panels, thus allowing acoustic but not visual contact between birds in adjacent aviaries. All rooms had an air temperature of 22-25°C, 75-85% relative humidity and a 16 L : 8 D regime. Birds were kept under ad libitum feeding conditions throughout the experiment. They were supplied daily with both dried and germinated senegal, plata and red millet seeds, and fresh water (with added vitamins three times a week). Each aviary was equipped with five wooden nest-boxes (12.5 cm × 12 cm × 14 cm) and with coconut fibres as nesting material on the floor before the birds were introduced. We regularly observed the adult birds to determine which pair bred in which nest-box. During egg laying, egg shells were supplied as an additional calcium source. After the chicks hatched, egg food mixture was supplied daily.
(b) Cross-fostering and brood-size manipulations Nests were checked daily between 10.00 and 13.00, and eggs were labelled with a felt pen on the day of laying, allowing us to keep track of egg laying order. Chicks were individually marked on the day they hatched by cutting their down feathers to individual patterns. These remained recognizable until day 10 when the chicks were colour ringed. At an age of 2 ± 1 days, chicks from the same brood were distributed across one to five different broods. These experimental broods consisted of two to six cross-fostered chicks with an age difference of maximally 2 days. Chicks in an experimental brood came from one to six different original broods. Broods of two (n = 10 broods) or three (n = 6 broods) nestlings were defined as small broods, broods of four nestlings (n = 10 broods) were treated as medium broods, and broods of five (n = 2 broods) or six nestlings (n = 6 broods) as large broods. Experimental brood sizes were evenly distributed among original brood sizes. Overall 34 manipulated (experimental) broods (brood size 3.6 ± 1.4 chicks, mean ± s.d.) with a total of 123 nestlings were created from the 50 original broods (brood size 3.2 ± 1.2 chicks). Large broods are more likely to contain some extremely undernourished nestlings. As these birds may contribute disproportionately to differences among brood sizes, we ran the analyses including all chicks and then repeated the analyses excluding chicks (n = 12) that died before the age of 35 days, i.e. before reaching nutritional independence. The results of both analyses showed the same significant effects. Thus, we report the outcome of only the second more conservative analysis.
(c) Data collection (i) Biometry
Biometric measurements were taken throughout development and from adult birds: on the day of brood-size manipulation, at 5 and 10 days post-hatching, at 35 days (independence), 90 days Proc. R. Soc. Lond. B (2004) (sexual maturation) and nine months. Nestling body mass was measured with an electronic scale (Sartorius PT 120) to the nearest 0.01 g and adult body mass with a Pesola scale to the nearest 0.5 g. Tarsus length was measured with callipers to the nearest 0.01 mm and wing length with a ruler (flattened wing) to the nearest 1 mm. At the age of 10 days individuals were also marked with unique combinations of white or orange numbered plastic rings. To keep disturbance of nests to a minimum we calculated the days on which measurements had to be taken based on the average age for all nestlings within a given nest. However, for statistical analysis, the exact age of each chick was included in the model. Body condition was defined as the effect of body mass when a measure of size (i.e. tarsus length) was considered as a covariate in the model (García-Berthou 2001). Thus, this measure of body condition reflects the relative weight at a given size.
(ii) Immune response Cell-mediated immune response at an age of 10 days was estimated using a standard phytohaemagglutinin (PHA) injection. We injected 0.05 ml of a buffered solution of PHA (0.025 mg) into the left wing web, and measured its thickness using a micrometer before the injection and again after 24 h (Smits et al. 1999) . The strength of the immune response is reflected by the thickness of the wing-web swelling (Lochmiller et al. 1993; Merino et al. 1999) .
Blood smears were used to estimate the total numbers and the proportions of different types of leucocytes under magnification, ×1000. The proportions of different types of leucocytes were assessed on the basis of an examination of a total of 50 leucocytes other than thrombocytes (thrombocytes present an aggregated distribution). The number was quantified as number of leucocytes per 50 fields examined. The heterophyle : lymphocyte (H : L) ratio was estimated from the percentages of heterophyles and lymphocytes per 100 leucocytes obtained in these counts (Merino et al. 1999) . All leucocyte proportions were Cox-Box transformed to obtain normal distributions (Sokal & Rohlf 1995) .
(iii) Levels of testosterone
We collected blood samples from the brachial vein at the age of 11 days. Chicks were taken from the nest as a group and placed in an artificial nest from which chicks could be taken one by one without disturbing the remaining chicks. The handling for blood sampling took ca. 30 s, and immediately afterwards chicks were placed back into their original nest. To minimize overall disturbance to the brood we took blood samples from nestlings only once. Blood samples were centrifuged at 3000 r.p.m. for 10 min. Plasma was stored separately from the blood cells at Ϫ18°C for later analysis of hormone levels. Nestling plasma T levels were determined using a highly sensitive ELISA kit according to the manufacturer's instructions (Cayman Chemicals, Ann Arbor, MI, USA). We obtained plasma samples from a total of 77 nestlings across the three experimental treatments. Plasma samples of 25 µl diluted in 25 µl of buffer were analysed with respect to a standard curve (between 3.2 and 100 pg ml Ϫ1 ). The antibody used was highly specific to T with little cross-reactivity to other steroids (less than 5%), except for 5α-dihydrotestosterone (21%). Owing to the small quantities of plasma available from the nestlings, we were not able to run duplicate samples. However, intra-assay and inter-assay validation were small enough to ensure reliability without duplicates (intra-assay coefficient of variation = 9.1 (n = 6 samples), inter-assay coefficient of variation = 17.2 (n = 8 samples)). A dilution test was run to test for possible interferences in antibody binding from protein and other plasma components. The regression between undiluted and 1 : 2 bufferdiluted samples was very high (F 1,5 = 75.54, p Ͻ 0.001, r 2 = 0.93), suggesting that extraction was not necessary. Most samples fell within the 'safe' central section of the curve (20-80% total binding) between 5.5 and 70 pg ml Ϫ1 . Those samples (n = 18) falling under the safe section of the standard curve were assigned the minimum detectable value (i.e. 5.5 pg mg Ϫ1 in undiluted samples, which corresponds to 11 pg ml Ϫ1 ). We measured T levels in a sample of nine adult non-breeding males to check that our assay was valid for the species. The average plasma concentration of these samples was 273 pg ml
, range of 44-815 pg ml Ϫ1 ). This value is an order of magnitude greater than our measure of T concentration in nestlings, showing the reliability of the assay for this species. Although previously reported values for adult males are greater (e.g. 1100 pg mg Ϫ1 ; Pröve & Sossinka 1978), we used a different assay and plasma from non-breeding males in short days, which can explain the lower T concentration.
Previously reported levels of T in nestling zebra finches vary enormously: values of 1700 pg ml Ϫ1 (Adkins-Regan et al. 1990 ), 300 pg ml Ϫ1 (Schlinger & Arnold 1992) and 100 pg ml
Ϫ1
(Prö ve & Sossinka 1978) have been reported. The values that we found are even lower (mean of 18.87 pg ml Ϫ1 ). This difference is most probably the result of differences in the bird strain (we used wild stock) or methodological differences such as the assay or our not using previous steroid extraction.
(d ) Statistical analysis
We used mixed linear models throughout using Proc Mixed (SAS v. 8.1). Experimental treatment was fitted as a fixed factor, nestling age as a covariate and original and experimental nest identity as random factors. To assess the statistical significance of random factors, we fitted a similar model without the random effect, and calculated its departure from the main model using maximum-likelihood theory (Littell et al. 1996) . In all cases, experimental brood was statistically significant whereas original brood was not. Therefore we kept experimental brood as a random factor in all models. We built models for each measurement by allowing nestling sex as a factor as well as its interaction with experimental treatment. No interactions between sex and experimental treatment were statistically significant, and they were thus removed from the models. Likewise, we removed sex as a factor when its effect was not near statistical significance. In the case of growth and immune response, we adjusted the p-values to account for the directionality (Rice & Gaines 1994 ) that was predicted a priori based on previous findings showing that brood size negatively affects growth and immune response (de Kogel & Prijs 1996; Fargallo et al. 2002) . In the case of T levels we used a two-tailed ordered heterogeneity test (Rice & Gaines 1994) .
RESULTS
(a) Effects of brood size on nestling and adult biometry Chick body mass did not differ between treatment groups on the day that manipulated (experimental) broods were set up (F 2,28.6 = 1.05, p = 0.36). From day 5, the brood-size manipulation had significant effects on most biometric measures at the various stages of development (table 1) . Nestlings from large experimental broods had Proc. R. Soc. Lond. B (2004) consistently shorter tarsi and shorter wings than nestlings raised in small broods through all stages of development. Nestling body mass and condition were similarly affected (figure 1a). Birds were lighter and also lighter for their size, i.e. of lower body condition, in large than in small broods. Differences in body mass and body condition were not significant between the ages of 35 days and three months, suggesting that, once feeding on their own, birds were temporarily compensating for the negative effects on mass caused by the brood-size manipulation. Later in life (at nine months of age), however, the differences between the groups reappeared ( figure 1b) . Thus, effects of experimental brood sizes were significant at several stages in development and adulthood.
We explicitly included the factors nestling sex and hatching order in all models, as well as their interactions with experimental brood size. None of the interactions was significant, suggesting that brood size did not differentially affect males and females or early-hatched and laterhatched nestlings. Also, original brood size had no significant effect in any of the analyses. Sexual differences in body mass appeared at three months of age and in wing length at 35 days of age. From these ages on, males were lighter (F 1,82.9 = 4.59, p = 0.035) and had longer wings (F 1,94.3 = 4.66, p = 0.033) than females.
None of the haematological variables was affected by the brood-size manipulation: the proportion of leucocytes (F 2,28.8 = 0.82, p = 0.45), the proportion of lymphocytes (F 2,30.4 = 1.37, p = 0.27) and the H : L ratio (F 2,23.9 = 1.31, p = 0.28) did not differ significantly between groups.
(b) Effects of brood size on levels of plasma testosterone in nestlings Experimental brood size had a significant effect on levels of circulating T at day 11, i.e. levels of circulating T increased significantly with increasing experimental brood size (F 2,29.3 = 2.12, p = 0.04; figure 2a). Sex was also included in the model, as males tended to have higher levels of circulating T than females (F 1,60.1 = 4.09, p = 0.05). Hatching order did not affect levels of T (F 1,52.6 = 0.75, p = 0.40). figure 2b ). Although circulating T levels and immune response showed opposite patterns with respect to brood-size manipulation on a group level, there was no significant correlation between plasma testosterone levels and T-cell immune response on the individual level (F 1,64.1 = 0.04, p = 0.80).
DISCUSSION
Experimental brood size had significant effects on nestling development, immunocompetence and circulating T. Moreover, after a temporary recovery following independence, differences in body mass and condition re-emerged brood size brood size Figure 1 . Effects of experimental brood size on nestling biometry ((i) body mass, (ii) tarsus length, and (iii) body condition) at (a) an age of 10 days and (b) an age of nine months. Data are means (ϩ1 s.e.) estimated from the mixed model. at nine months of age. Levels of circulating T in nestlings varied with their rearing environment and increased with increases in the brood size in which a nestling was raised. Moreover, the results confirm previous findings that increases in brood size negatively affect growth and immunocompetence (Saino et al. 1997; Hõ rak et al. 1999; Metcalfe & Monaghan 2001; Fargallo et al. 2002) . The effects of brood size on levels of circulating T are interesting as our cross-fostering procedure controlled for maternal and genetic effects as potential sources of this variation. The significant increase in levels of T with increasing brood size indicates that the rearing conditions significantly affected levels of circulating T in nestlings. Previous studies have shown that avian gonads can produce T as early as 6 days post-hatching in great tits (Parus major), and before that age there is likely to be extragonadal production (Woods et al. 1975; Tanabe et al. 1986) . Our finding that levels of circulating T in nestlings depend on their rearing Proc. R. Soc. Lond. B (2004) conditions expands on previous findings that social factors influence levels of circulating T in adults (Wingfield et al. 1990; Oliveira et al. 1996) .
Higher levels of T in nestlings from larger broods, as shown here, presumably result directly from enhanced social competition for resources, as has been shown for adult birds and adult fishes (Wingfield et al. 1990; Oliveira et al. 1996) , rather than indirectly through nutritional stress. Nutritional stress has been shown to lead to increases in the production of corticosterone without increases in T in a sea bird (Kitaysky et al. 1999 (Kitaysky et al. , 2001 ), but corticosteroid levels were not found to increase in foodrestricted and growth-reduced young zebra finches in comparison with a control group (Spencer et al. 2003) . Kitaysky et al. (1999) found an increase in levels of corticosterone but not in levels of T in response to food restriction in black-legged kittiwake (Rissa tridactyla) nestlings raised in single nests and concluded that T may not be important in regulating aggression in nestlings. However, the single kittiwake chicks did not experience social competition, and in songbirds clutch sizes are larger than in sea birds. In an experiment involving brood-size manipulations in great tits, increased brood size led to increased begging and nestling mobility and to reduced growth, although parents fed each chick on average the same in all conditions (Neuenschwander et al. 2003) . This finding together with our observation that T varied with brood size suggest that the social context is a likely proximate cause of variations in T levels in nestling birds. If behavioural competition increases even under full parental compensation in great tits, it is even more likely to do so in zebra finches, where parents provide less food to each chick when they have to feed many chicks (de Kogel & Prijs 1996) . This interpretation is in line with predictions made by the challenge hypothesis (Wingfield et al. 1990) , which states that levels of T should vary directly with levels of social stress and competition. As T can have negative effects on physiology and development, the benefits would outweigh these costs only in situations of increased competition. Future research needs to address to what extent these differences in T are functionally significant, i.e. to what extent they are linked to behavioural competition in nestlings.
Nestlings were significantly smaller and in poorer condition in larger broods despite the increases in levels of T with brood size. This suggests that higher levels of T at an age of 11 days did not lead to significant compensation for reduced growth in the first days of life. The significant effects of brood size on nestling biometry at an age as young Proc. R. Soc. Lond. B (2004) as 5 days indicate immediate effects of brood size on chick development. Chicks raised in larger broods are likely to suffer from nutritional stress, as in zebra finches individual chicks receive less food with increasing brood size (de Kogel & Prijs 1996) . The lack of significant effects of brood size on body mass after nestlings start to feed independently suggests that they are able to compensate temporarily for initially lower body mass (Metcalfe & Monaghan 2001) . Nevertheless, as effects of brood size on body mass reemerged at an age of nine months, such compensation seems to be only short term.
Our findings that an increased brood size negatively affects cell-mediated immune response is in agreement with previous findings in previous studies of great tits (Hõrak et al. 1999) , barn swallows (Hirundo rustica) (Saino et al. 1997) and kestrels (Falco tinnunculus) (Fargallo et al. 2002) , providing further evidence for the effects of developmental stress on immunity. The most common interpretation of reduced immunity in nestlings being raised in enlarged broods is a limitation of resources (Saino et al. 1997; Hõrak et al. 1999; Fargallo et al. 2002) . The fact that corticosterone (Kitaysky et al. 2001) and T (our results) levels are increased in clutches with higher sibling competition could be taken to suggest that these steroids depress immunocompetence (Folstad & Karter 1992; Sapolsky 1992) . However, levels of T and immune responses were not correlated on an individual level in our dataset, despite the overall differences between the experimental treatments. This suggests that T did not directly negatively affect immune response as other studies likewise suggest (Hasselquist et al. 1999) .
